Abstract-Using a high-fidelity haptic interface based on magnetic levitation, subjects explored virtual sinusoidal textures with a frictionless probe and reported the subjective magnitude of perceived roughness. A psychophysical function was obtained spanning 33 levels of spatial periods from 0.025 to 6.00 mm. Kinematic and dynamic variables were recorded at 1,000 Hz and used to derive a set of variables to correlate with the psychophysical outcome. These included position, velocity, kinetic energy, instantaneous force (based on acceleration), mean force, and variability of the z-axis force signal from the power spectral density. The analysis implicates power of the force signal as the physical correlate of perceived roughness of sinusoidal textures. The relationship between power and roughness held across the range of spatial periods examined.
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INTRODUCTION
T HE question of how humans perceive surface roughness has been of considerable interest in psychology and the neurosciences [1] , [2] , [3] , [4] , [5] , [6] , [7] , [8] and, more recently, engineering [9] , [10] , [11] , [12] , [13] , [14] . Research on perception of real surfaces explored with the bare finger has described how the roughness percept changes according to surface properties such as element height, spacing, and shape (see [15] for a review). Hollins et al. have proposed a duplex model of roughness perception, which points to the influence of different skin mechanoreceptor populations at textural scales with spatial periods below and above approximately 0.2 mm (microtextures and macrotextures, respectively) [16] , [17] , [18] . At the macroscale, roughness perception appears to rely on perception of surface geometry by SA1 mechanoreceptors, which have small receptive fields and slow response to stimulus changes. In contrast, roughness at the microscale appears to reflect the responses of the FA2 mechanoreceptors (also called PCs, for Pacinian Corpuscles), which have large receptive fields and respond dynamically to stimulus changes [19] , [20] , [21] .
Textures can be perceived not only with the bare hand but when a tool or rigid probe is used to contact the surface. In a series of papers, Klatzky et al. determined psychophysical functions relating perceived roughness to the spatial period of a variety of surfaces explored with a spherically tipped probe [22] , [23] , [4] , [24] . This work provides basic data for comparison with the roughness percept of rendered surfaces that are explored with a simulated tool. In a previous paper [14] , we reported psychophysical functions for roughness based on virtual textures that closely matched those findings. The critical requirement was that both the probe shape and texture in the simulation had to correspond with the physical reality, as the perceptual judgments strongly depended on probe and surface geometry. These findings served to reconcile discrepancies in the virtual-texture literature between psychophysical functions obtained with different rendering algorithms [9] , [10] , [12] , [25] .
The Vibratory Basis of Perceived Roughness with a Probe
When a surface at macrotextural scale is explored with the bare finger, receptors in the skin with static and dynamic responses allow the geometry of the textural array to be sensed directly. Regardless of scale, however, use of an intervening tool means that the input to the roughness percept is vibratory in nature. The goals of this paper are, first, to describe in detail the vibration-based signals produced when surfaces are explored with a rigid probe and, second, to determine which physical parameters are most related to the concomitant perception of roughness. In our experiment, subjects explored virtual sinusoidal surfaces by means of a virtual tool with a 1D point tip, and then reported perceived roughness magnitude. This approximates the case of a physical sharp-tipped probe crossing a sinusoidal surface. A wide range of sinusoidal periods was simulated, with the result that kinematic and dynamic measures from exploration could be correlated with the roughness percept across variations in textural geometry.
The approach of correlating perceived roughness with physical signals from exploration was adopted by Otaduy et al. [26] , [27] , who virtually rendered haptic interactions between two multidimensional textured objects. Their algorithm calculated forces and torques based on the gradient of penetration depth at a local level, under update rates on the order of 100-200 Hz with 5-10 contact patches between objects. Using a model of human dynamics as an input to their model, they were able to demonstrate, in simulation, that maximum acceleration of the probe followed a quadratic function over element spacings. The function varied with probe diameter, applied force, and exploratory speed in ways that were qualitatively similar to the psychophysical studies of the same factors by Klatzky et al. [23] . In another related study, Yoshioka et al. [28] elicited roughness, hardness, and stickiness ratings, along with similarity comparisons, with both direct and indirect touch for 16 physical textures. Vibratory measurements were also obtained for each surface under conditions of passive scanning at a fixed rate of 40 mm/s. They determined that vibratory power correlated well with perceived roughness. Previous studies with real textures had implicated the FA2 mechanoreceptors in the sensation of fine texture under direct touch and had demonstrated a correlation between vibratory power, filtered by a function describing the FA2 frequency sensitivity, with roughness [29] , [30] . Yoshioka et al. found that raw vibratory power correlated slightly better than filtered for indirect touch, although the results were almost indistinguishable. However, the study is limited by the freely varying nature of the stimuli and by the fact that vibrations were measured in one part of the study, under passive scanning with controlled velocity, whereas roughness judgments were measured in another part of the study.
This study was able to more systematically address the issue of the physical underpinnings of perceived roughness from vibration, by using a high-fidelity haptic display based on magnetic levitation technology. The device allowed surfaces to be rendered with high stiffness across a range of sinusoidal periods spanning 0.025 to 6.00 mm. The kinematics and dynamics of exploration were recorded at a rate of 1,000 Hz during natural exploration. The results differentiate among a number of candidate physical variables that potentially underlie the roughness percept. To preface our results, the study confirms the importance of power in the force signal perpendicular to the surface across the range of simulated textures.
EXPERIMENTAL SETUP
Magnetic Levitation Haptic Device
Our experiment employed a 6-DOF magnetic levitation haptic device (MLHD) using Lorentz forces [31] , [32] , [33] that is capable of rendering virtual textures with high fidelity. As shown in Fig. 1 , the device features a manipulandum that is rigidly attached to a lightweight hemispherical flotor. The flotor has six spherical coils that interact with strong magnetic fields that enable it to levitate without friction and without contact with its surroundings. The six Lorentz forces generated by the coils combine to exert a six-wrench on the manipulandum. The position and orientation of the flotor is tracked by optical sensors. A closed-loop servo algorithm allows stiffness and viscosity in all axes to be controlled over a wide range of values. The device has a À3-dB bandwidth of approximately 120 Hz with smooth roll-off to nearly a kHz. Advanced versions of the device have been commercially available since 2008.
For our experiments, a proportional-derivative controller running on an AMD 2100+ processor controlled the device with a servo update rate of 1,000 Hz, proportional gains set to 10 N/mm in translation and 25 Nm/radian for orientation, and derivative gains set to 0.04 N/mm/s in translation and 0.5 N/radian/s for rotation. These gain settings provided a relatively stiff surface and prevented, to a large extent, rotation of the manipulandum, which was desirable as only z-axis forces were actively generated by the rendering algorithm. The force of gravity on the manipulandum was reduced by an opposing feed-forward force of 5 N that reduced the weight of the flotor from approximately 580 to 70 grams. More details about the device are available in [14] .
Texture Simulation
The experimental stimuli were sinusoidal grating textures (SGTs) previously described in [14] . The rendering algorithm treated the haptic interaction point (HIP) as an infinitely small probe that was mapped onto a surface, the height of which (z-axis) varied as a sinusoidal function of distance along the x-axis. Width (y-axis) was constant. The orientation of the manipulandum was controlled to keep it vertical at all times. Contact of the probe with the surface generated a z-axis force proportional to, and directionally opposed to, its penetration depth. When the probe was not in contact with the surface, no forces were actively generated, so that the probe was subject only to the reduced gravitational force.
Thirty-three virtual SGTs with spatial periods ranging from 0.025 to 6.00 mm were generated according to the algorithm described above. The sinusoid amplitude was 0.4 mm peak-to-peak, consistent with the height of texture elements reported in other studies [23] . The smallest grating periods approached the resolution of the MLHD (5-10 microns). The largest grating periods allowed four spatial periods within the MLHD's workspace. The period space was sampled asymmetrically, with a larger number of samples from the shorter periods, as can be seen from the x-axis results shown in Fig. 2 .
An important issue is whether the MHLD is capable of rendering textures with very small periods. Modeling of the device using measurements of its damping and spring coefficients shows that the frequency response has a AE3-dB corner at approximately 120 Hz with slow roll-off, at typical gain settings. This will lead to attenuation of the MLHD's position-following capabilities when the device is required to rapidly traverse sinusoidal gratings with small periods ( 0:2 mm). Another issue is whether, given subjects' typical movement speed (reported below as on the order of 25-30 mm/s), the MLHD is capable of producing the range of frequencies required to simulate the sinusoidal period. Since the rate for servoing the device and sampling data is 1,000 Hz, the Nyquist Rate implies that, for the smallest periods encountered, the expected frequencies (>500 Hz) are greater than those the device can accurately reproduce. For periods greater than 0.2 mm, the device should be capable of following a sine wave without significant attenuation. Since finer textures approach the limitations of the device, roughness estimation data for spatial periods below 0.2 mm should be interpreted with caution, although the data reported below show no evidence of attenuation in this region.
Experimental Design and Procedure
The participants were 27 students associated with the psychology Department at Carnegie Mellon University, who received credit for participation, or paid and unpaid student volunteers from other units at Carnegie Mellon. Procedures for informed consent were used in compliance with University review, and the project was approved by Carnegie Mellon's ethics board. All subjects used the right hand for exploration with the MLHD.
The analyses described here were carried out as part of a larger study into the effects of texture geometry, initial results of which were reported in [14] . Fig. 2 displays previously reported data, which will form the basis for the comparative evaluation of physical parameters.
Subjects were seated approximately 500 mm from a graphical display used for responses but not texture displays. They listened to white noise via headphones to prevent auditory cues to texture. They freely wielded the MLHD manipulandum, except for a warning that excessive force would cause the device to shut down. After exploration, they gave an estimate of the roughness magnitude of the explored surface by entering a nonzero number that reflected its roughness on a computer keypad. They were instructed that larger values should correspond to greater roughness magnitude, but no scale was imposed and no standard was given. The MLHD manipulandum position and force data were recorded throughout the experiment at 1,000 Hz.
The sequence of experimental trials consisted of 33 textures, presented four times each in random order, for a total of 132 recorded trials per subject. A preliminary demonstration block was included, representing the range of texture to be experienced in random order.
PSYCHOPHYSICAL FUNCTION OF ROUGHNESS MAGNITUDE
The psychophysical function relating perceived magnitude to experimentally manipulated variables was calculated for each subject. Outliers with values greater than 10 times a subject's overall median response were removed before further analysis. Because the subject chose his or her own magnitude estimation scale with which to represent roughness, it was necessary to normalize the reported values before generating this function. For this purpose, each observation was divided by the mean of all observations for that subject and then rescaled by multiplying it by the mean over all subjects. The four values for each spatial period were then averaged for each subject and used for statistical evaluation. Superimposed plots of the psychophysical roughness function for each subject as well as the mean function can be seen in Fig. 2 . Although the functions show considerable variance between individual subjects, most follow a pattern of an initial rise followed by a long decline in roughness as a function of increasing texture spatial period. A one-way ANOVA found that element spacing had a significant effect on reported magnitudes (Fð32; 726Þ ¼ 11:52; p < 0:0001). Note that any limitations in rendering textures with very small spatial periods are not apparent in the data, as roughness for sinusoid periods less than 0.2 mm is not particularly low.
In [14] , we characterized the function as bipartite and attributed its behavior to either or both of two potential causes: a transition in the physical property leading to perceived roughness at this spacing, and/or a transition in the underlying neural processing. However, a fuller understanding of the perceived roughness of sinusoidal surfaces requires a detailed analysis of the signals generated by the probe/texture interaction, which is the main focus of this new paper. We analyze the physical parameters of the stimulus that may be responsible for the perception of roughness in probe-based texture exploration.
PHYSICAL PARAMETERS OF EXPLORATION AND RELATION TO ROUGHNESS
To affect roughness, geometric properties of the surface, together with exploratory motions, must lead to variations in the physical inputs to the receptors in the hand. In this section, the kinematic data from the MLHD, captured during magnitude estimation trials, will first be examined to determine how probe position, velocity, and acceleration change with sinusoid spatial period, and to assess whether one or more of these variables might account for the resulting variations in roughness estimates. We then consider the degree to which roughness correlates with dynamic physical properties, including force variability, mean force, kinetic energy, and power in the force signal.
(Note that due to loss of MLHD data for four subjects through computer error, this data analysis incorporates 23 of the 27 subjects for whom roughness magnitude estimations were reported.)
Texture Exploration: Position
We initially describe probe position data, although position per se (i.e., as cued by sustained skin deflection or signals to muscles, tendons and joints) is not a likely candidate for the percept of roughness mediated by exploration with a probe. Given the vibratory nature of the signal, the underlying receptors would respond best to changing stimuli [19] , [21] . Fig. 3 shows typical data for the position of the haptic device manipulandum during a single trial on two different surfaces. The large sinusoidal motions are due to subjects' hand motion back and forth along the x-axis as they explore the sinusoidal grating. Although the ridges and grooves of the texture extend along the y-axis, there are smaller sinusoidal motions along this axis with the same frequency as the x-axis motion. These result from the fact that motion of the manipulandum has an angular deviation relative to the x-axis; the difference in phase between x-and y-axis motion is due to a slight arc of the manipulandum during the sweep.
Of greatest interest is the motion on the z-axis, which constitutes the rise and fall of the probe as determined by the interaction between the subject's hand, the device, and the texture presented. In this experiment, a sinusoidal pattern with an amplitude determined by the penetration depth algorithm might be expected if the HIP precisely followed the textured surface. Examining Fig. 3 , it can be seen that this is clearly not the case, especially for sinusoids with small periods.
The deviations in the z-axis path from a pure sinusoid might reflect the fact that the HIP was not constrained to stay on the texture surface. Thus, subjects might elect to lift it above the texture or it could fly above the surface due to dynamic effects. As well, the position of the HIP is determined by the penetration depth algorithm subject to the force applied by the subject, which might vary with time and hand position. Third, particularly for the textures with a spatial period below 0.2 mm, device resolution and frequency response could prevent accurate haptic display of the required position, as described above.
Texture Exploration: Velocity
We next turn to the velocity of the probe as it moves across the surface, which determines the temporal frequency with which texture elements are encountered and hence the change in position of the probe against the skin with respect to time. The mean absolute instantaneous velocities, determined from the first derivative of position recordings of the HIP along each axis, are shown as a function of sinusoid spatial period in Fig. 4 . Angular velocities about each axis are shown in Fig. 5 . A series of one-way ANOVAs revealed no effect of sinusoid spatial period on the velocity along or about any axis except z (see Table 1 ).
It is not surprising that angular velocity was essentially negligible and did not vary with period, since the device was constrained in rotation. In contrast, the x-axis and y-axis motion was freely controlled by the subject. Of particular Fig. 3 . Representative example of manipulandum motion along x-, y-, and z-axes during a single subject trial on sinusoidal grating texture with a spatial period of (a) 0.025 mm and (b) 2.5 mm. z-axis motion multiplied by a factor of 2 for emphasis. interest is the finding that during unconstrained motion, the x-axis velocity was essentially invariant, despite the fact that the height of the rendered sinusoid varies along this axis. Apparently, the subject's movement speed was not affected by the shape of the sinusoid. The fact that the roughness magnitudes were clearly not constant over spatial period, while velocity was approximately constant, is a strong indication that velocity is not the controlling factor in perceived roughness.
For a given stimulus explored at a constant rate, the temporal frequency with which sinusoidal peaks are encountered as a probe moves is simply the x-axis velocity seen in Fig. 4 divided by the corresponding sinusoidal spatial period for that stimulus. An implication of the constancy of the x-axis velocity observed here is that the subject experiences something close to this ideal frequency, at least on average. (In practice, the frequency would depend locally on movement speed and probe trajectory.) Log average temporal frequency would then be related to log spatial period with a slope of À1, which was true of the present data (see Fig. 6 ). The fact that roughness magnitudes did not follow this linear log-log trajectory means that temporal frequency can be excluded, along with x velocity, as the factor that governs perceived roughness.
Only velocity along the z-axis showed a significant relation to spatial period (see Fig. 4 ), Fð32; 726Þ ¼ 7:16; p < 0:001. This makes the z velocity a candidate for the physical factor that governs perceived roughness. The velocity function increased rapidly with increasing period, and then decreased more slowly over the rest of the range of spatial period. This mimics the pattern of the roughness function, although the latter peaks slightly earlier along the spatial-period axis.
Quantitative comparison of the effect of spatial period on z-axis velocity to that on subjective roughness estimates is shown in Fig. 7 . Note that in this and the following figures where roughness is compared to a physical predictor, for ease of comparison, the roughness function has been rescaled so that its mean matches that of the predictor. (The original normalization of roughness means that its source scale is irrelevant.) Clear similarities can be seen in the shape of the two fit curves. In particular, the slopes of the descending portion of the roughness and velocity functions matched closely at À1:23 and À1:24, respectively. The functions differ substantially, however, in the location of their maxima, with a roughness peak at a smaller texture spatial period (1.39 mm) compared to velocity (2.10 mm).
If we plot roughness as a function of mean z-axis velocity over the range of sinusoid spatial frequencies, as shown in Fig. 7 , we can examine the relationship more closely. A linear relationship between them would indicate a strict dependence of roughness on velocity. Fig. 7b is clearly not linear and the least squares fit has an r 2 (variance accounted for) of only 0.25, indicating a weak correlation between mean z-axis velocity and roughness.
We will return to consideration of velocity as a predictor, in comparison with other variables.
Texture Exploration: Kinetic Energy
While z-axis velocity is problematic as a basis for roughness judgments, the kinetic energy, which is proportional to the square of velocity, is also a potential candidate. The kinetic energy, KE, for a mass, m, moving with velocity, v, is typically calculated as
The moving mass, in this case, comprises the mass of the flotor. As this is a constant (581 grams) in our case, the relationship between kinetic energy and the geometry of the Only z-axis velocity shows a significant effect. sinusoidal spatial period depends entirely on v 2 alone. In Fig. 8 , a plot of kinetic energy as a function of sinusoid spatial period can be seen, along with a plot of subjects' roughness estimates at the same periods (rescaled as described above). A one-way ANOVA showed a significant effect of sinusoid period on mean kinetic energy (Fð32; 726Þ ¼ 7:62; p < 0:001).
While the velocity function appeared, on inspection, to be close to the shape of the roughness function, albeit shifted in phase, the kinetic energy function in Fig. 8a differs substantially from that of roughness. The slope of both ascending and descending linear portions is dissimilar, and it is no closer in phase to the psychophysical function for roughness than the velocity function.
A plot of roughness as a function of mean z-axis kinetic energy over the range of sinusoid spatial frequencies (see Fig. 8b ) fails to demonstrate a linear relationship between them. A fit to the best straight line has an r 2 of only 0.12. Kinetic energy is therefore unsuited as the underlying physical factor which results in a perception of roughness.
Texture Exploration: Force
Another possible physical property that might account for roughness perception is the force the haptic device exerts on the subject's fingers. One way to analyze force is to examine the effects of acceleration, since force is related to the acceleration by F ¼ ma, where m is the mass of the flotor and manipulandum. As this is constant, if one assumes that the user exerts a relatively constant force (consisting of the weight of their arm and hand plus applied muscular force), acceleration can be used as a surrogate for the resultant forces experienced by the subject. (This assumption is supported by a finding reported below that mean z-axis force is essentially constant over spatial period.) Here, we compute acceleration from the second derivative of the instantaneous MLHD manipulandum position, recorded at 1 KHz.
A plot of mean z-axis acceleration, along with roughness estimates, is shown in Fig. 9a . A clear relationship between roughness and mean instantaneous acceleration can be seen, although acceleration peaks at a much smaller texture period (0.3 mm from a third-order fit) than that of roughness (1.39 mm). The slopes of the nearly linear ascending portions of the function differ by nearly a factor of 2 (730.8 and 470:3 mm=s 2 =mm period for acceleration and roughness respectively) but are nearly the same for the linear fits to the descending portions (À89:1 and À118:6 mm=s 2 =mm period for acceleration and roughness, respectively). Once again, a plot of roughness as a function of mean z-axis instantaneous acceleration over the range of sinusoid spatial frequencies (see Fig. 9b ) fails to demonstrate a clear linear relationship between them although a fit to the best straight line has an r 2 of 0.61, indicating a slightly better correlation between acceleration and roughness in comparison to the physical variables considered thus far.
Given the differences in phase and only moderate correlation between acceleration and roughness, caution is indicated in inferring that instantaneous force accounts for roughness judgments.
As an alternative to inferring force from acceleration, it is also possible to look directly at the forces commanded by the MLHD in response to the depth of penetration of the HIP below the texture. Mean force averaged approximately 10 N, including the feed-forward force of 5 N, across subjects. However, unlike the instantaneous force as inferred from acceleration, the mean z-axis force was virtually invariant across sinusoidal period; by one-way ANOVA, ðFð32; 726Þ ¼ 0:05; p > 0:05. Note that whereas mean force pools the force applied during a trial, mean acceleration yields a measure of the average instantaneous force, or force variability experienced by subjects during that time. This suggests that force variability may be critical to perceived roughness, as is explored next.
Texture Exploration: Power
We next consider the force signal's power (its variability) as a candidate for the variable mediating roughness perception. Taking the power spectral density (PSD) of the force signal using a periodogram technique with 1,024 Fast Fourier Transform points, a PSD periodogram for frequencies from 1 to 500 Hz was generated. Since the MLHD commanded force is sampled at 1,000 Hz, the Nyquist frequency limits the useful signal to 500 Hz. Preliminary analysis of the periodograms showed that regardless of texture period, most of the power in the signal was found below 100 Hz, being particularly concentrated in the band from 5 to 30 Hz. Total power peaked around a period of 2 to 3 mm. The sensitivity to spatial period, discussed further below, suggests that the total power in the force signal over the range measured (i.e., below 500 Hz) may be the salient physical factor perceived as roughness.
A plot of the total power in the PSD periodogram (i.e., in the z-axis force signal) over the range of sinusoidal texture periods, averaged over subjects, can be seen in Fig. 10a , together with the psychophysical roughness function (rescaled). A one-way ANOVA showed significant effects of sinusoid period on power ðFð32; 726Þ ¼ 7:58; p < 0:001).
The maximum roughness and maximum force-signal power occurred at the same texture period (1.39 mm), while the slopes of the ascending and descending portions of the functions appear very similar, particularly, in the descending limb. A plot of roughness as a function of total power in the PSD periodogram of z-axis force, over the range of sinusoid spatial frequencies (see Fig. 10b ), appears highly linear with an r 2 fit to the best straight line of 0.97, indicating that power accounts for virtually all of the observed variation in roughness.
Power versus Other Physical Parameters
To compare the various parameters, correlation coefficients were computed between the psychophysical function for roughness and each of the physical properties investigated. (This correlation is independent of the scaling of roughness.) This comparison indicates that the total power in the force signal is capable of explaining more of the variance in the roughness psychophysical function than any other property (see Table 2 ). Stepwise multilinear regression revealed that the variance in the psychophysical function for roughness was almost entirely accounted for by the total power in the force signal, with an R value of 0.98, p < 0:001.
DISCUSSION
The present research sought an account of the perceived roughness of sinusoidal surfaces explored with a probe, in terms of the physical variables concomitant with exploration. The variables that were examined included kinematics (probe position, velocity and acceleration) and dynamic physical properties (force variability, mean force, kinetic energy, and power in the force signal). The initial analysis focused on how these parameters change with sinusoidal period and correlated the variations with estimates of perceived roughness. Ultimately, the power in the z-axis force signal was found to be strongly related to the roughness judgment across a broad range of geometric variation.
Convergent evidence for this conclusion was found with two experiments that used texture elements in the shape of truncated cones, one with regularly spaced and the other with randomly dithered arrangements, both described in [14] . The probe was rendered as having a spherical tip with four radius values between 0.25 and 1.5 mm. As the number of rendered stimuli in those studies was much smaller than in the experiment reported here (11 versus 33 in the experiment with SGTs), the correlations are less reliable, and inferences are limited. Indeed, in both experiments with conical elements, there were stronger correlations between all the physical parameters and roughness than in this study with sinusoids, but correlations between the roughness function and the z-axis total power function were again high: 0.94 or greater in both conical-texture studies for all probe sizes.
The present results confirm earlier observations in the literature that point to force variability as critical to roughness perception through a probe [26] , [27] , [28] . While Yoshioka et al. converged on power as the underlying variable, Otaduy and Lin chose acceleration. The latter is not surprising, as the total power can be seen as a measure of the variability of the force to which a subject's fingers are exposed as they move the manipulandum across a textured surface. One would expect, then, that instantaneous acceleration would correlate moderately well with roughness, since it, too, provides a measure of the variability of force. It is also understandable that the correlation is much better for the textures with larger periods, since instantaneous acceleration is determined from the second derivative of position and is subject to noise, particularly in the high frequency range of the spectrum.
It should be noted that subjects encountered virtual textures through a probe. The virtual textures are generated by a surface-depth penetration algorithm; thus, the probe does not follow a sinusoidal path precisely but experiences sinusoidally varying forces in the z-axis (described in detail in Section 2.2). This differs from probe contact with real surfaces where the probe tip must follow the surface exactly and experiences lateral forces as well as z-axis force. This may affect the generalization of our results to real textures and further study on real texture/probe interaction would be warranted.
CONCLUSION
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